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We present the design, fabrication and characterization of LNOI fiber-to-chip inverse tapers for
efficient edge coupling. The etching characteristics of various LNOI crystal cuts are investigated
for the realization of butt-coupling devices. We experimentally demonstrate that the crystal cut
limits the performance of mode matching tapers. We report a butt-coupling loss of 2.5 dB/facet
and 6 dB/facet by implementing 200 nm tip mode matching tapers in +Z-cut LNOI and X-cut
MgO:LNOI waveguides with low propagation loss. We anticipate that these results will provide
insight into the nanostructuring of LNOI and into the further development of efficient butt-coupling
in this platform.
I. INTRODUCTION
Lithium niobate on insulator (LNOI) and magnesium
oxide doped LNOI (MgO:LNOI) have recently emerged
as promising photonic platforms. Many key components
have been demonstrated in LNOI including low-loss waveg-
uides [1], electro-optical modulators [2, 3], and wavelength
converters [4], while MgO:LNOI has been minimally in-
vestigated despite its superior high power properties over
LNOI [5–7]. Efficient coupling of light into LNOI waveg-
uides is a major challenge yet to be overcome before this
platform can be competitive with high-index contrast
platforms including silicon on insulator and silicon nitride
[8–10]. Broadband, efficient and polarization insensitive
coupling of light into photonic chips is essential for de-
vices including Mach-Zehnder modulators and wavelength
converters, as well as for reliable packaging of photonic
chips [11–13].
Several approaches including the use of grating cou-
plers, lensed fibers, high numerical aperture fibers and
inverse tapers have been used to improve coupling effi-
ciency [8, 14–16]. Grating couplers, which are commonly
used for vertical coupling into the chip, allow good cou-
pling efficiency and the ability to access circuits inside
a chip with alignment tolerances; however, compared to
butt-coupling, limit the wavelength and polarization per-
formance of devices and are prone to fabrication errors
[8, 17, 18]. Butt-coupling is insensitive in wavelength and
polarization; however, suffers from high mode-mismatch
losses unless mitigated, for example, with spot size con-
verters via inverse tapering [15, 16, 19, 20].
It has been demonstrated that LNOI can be nanos-
tructured [1, 2, 17, 21], though the fabrication of small
features required for inverse tapers is challenging due to
the highly isotropic etching of LN in argon (Ar) plasma,
dependent on crystal cut and MgO doping. The non-
vertical sidewall angle limits the minimum feature size
down to which LNOI may be structured.
In this paper, we analyze the material limitations in
nanostructuring various LNOI and MgO:LNOI faces. We
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then design, fabricate and characterize mode-matching
tapers on +Z-cut LNOI and X-cut MgO:LNOI with cou-
pling loss of 2.5 dB/facet and 6 dB/facet respectively with
a 200 nm tip.
II. NANOSTRUCTURING LNOI
Recently, we demonstrated that by mixing argon and
fluorine ions during plasma reactive ion etching (RIE) it is
possible to achieve low loss rib waveguides with sidewall
angle of 75° on +Z-cut LNOI [21]. In this paper, we
apply the developed fabrication process to a range of com-
mercially available LNOI types, reporting their etching
characteristics in Tab. I. The nanostructuring charac-
terization enables to determine the minimum achievable
feature size afforded by the particular cut and MgO dop-
ing of the LNOI platform. Figure 1 shows the dependence
of minimum feature size on sidewall angle. We calculate
the the minimum bottom width of a feature that can be
fabricated for different etching depths up to 700 nm. It
can be seen that sidewall angle strongly limits nanostuc-
turing of LN films.
For example, the 50° angles resulting from Ar milling will,
in the best case, allow 500 nm wide features etched 300 nm
deep, making the design and fabrication of efficient mode
matching inverse tapers and gratings challenging. On the
other hand, +Z-cut LNOI has a 75◦ etch angle, which
allows feature widths down to ∼ 180 nm for the same
300 nm etch depth.
In order to investigate limitations of the fabrication pro-
cess, we choose five LN samples: +Z-cut LNOI and X-cut
LNOI with film thickness 500 nm, +Z-cut MgO:LNOI and
X-cut MgO:LNOI with LN thin film thickness of 600 nm,
and −Z LN bulk substrate 500µm thick. All samples are
then patterned according to the process discussed in the
[21] to achieve a ∼1µm wide metal mask for rib waveg-
uides. The samples are then RIE etched with the same
recipe and their etching characteristics are deduced based
on SEM imaging of the waveguide cross section as well as
atomic force microscopy (AFM) measurements. Finally,
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2FIG. 1. Calculated minimum feature size versus sidewall angle for several etch heights. The minimum feature size that can be
achieved for +Z-cut LNOI and X-cut MgO:LNOI are shown as inset. The schematic representation of minimum feature size
definition is shown on the side of the picture. A thin LN film (blue) is seated atop SiO2 (pink), where f is the width of the
minimum achievable feature and is dependent on the sidewall angle, θ, and the etch depth, H.
TABLE I. Etching characteristics of different LNOI types.
Material
Etching rate
[nm/min]
Degree of
Anisotropy,
D
Sidewall an-
gle [◦]
Propagation loss
[dB/cm]
LNOI Z-cut
(+Z)
18 0.86 75 less than 0.1
LN Z-cut (−Z) 18.6 – 78 not on insulator
LNOI X-cut 14.6 0.76 70 less than 0.1
MgO:LNOI
Z-cut
14 0.25 60 1
MgO:LNOI X-
cut
16.6 0.45 71 less than 0.1
the waveguides fabricated on LNOI and MgO:LNOI are
cladded with 3µm of plasma enhanced chemical vapor
deposition (PECVD) SiO2, diced on a Disco DAD-321
using optical grade dicing, and their optical propagation
losses measured. The propagation loss of −Z LN bulk
was not measured due to the absence of bottom cladding.
We analyze various etching properties of LNOI includ-
ing etch rate, sidewall angle, degree of anisotropy and
propagation loss. The degree of anisotropy, D, is defined
as D = 1−B/2H, where B = Wmask-Wfinal is the etch
bias, defining the amount of lateral etching, Wmask and
Wfinal are the pre-etching and post-etching widths, and
H is the etch depth.
Z-cut LN is more chemically active in fluorine plasma
than X-cut, as a result, it is possible to achieve faster
etching rates, better anisotropy and near-vertical sidewall
angles with Z-cut; this is reflected in our tests—we observe
slower etching rates and a smaller degree of anisotropy
for X-cut LNOI and we found that it possesses more
shallow sidewall angle, however we did not observe effect
of this on the optical propagation loss Tab. I, measured
by using the Fabry-Perot technique and discussed in our
previous papers [21, 22]. It is well known that ±X faces of
LN have similar etching characteristics, meanwhile large
differences can be observed for +Z and −Z faces, that
was confirmed in our experiments and reported in the Tab.
I. It was also shown that MgO:LNOI possesses different
characteristics to not doped LNOI. It is more resistant to
the etching process, moreover exhibits less anisotropy and
Z-cut MgO:LNOI possesses the slowest etching rate and
3FIG. 2. Design of inverse taper: (a) schematic representations of light coupling into the waveguide via an inverse taper; (b)
simulated dependence of the overall transmission through waveguide via taper length for different taper dimensions; (c) simulated
mode profiles for tapers with different base widths for X-cut MgO:LNOI and Z-cut LNOI illustrating the increase in MFD; (d)
the simulated mode profiles for the untapered waveguides in X-cut MgO:LNOI and Z-cut LNOI discussed in this paper.
the most shallow angle compared to the other investigated
LN crystal cuts. These results can be explained by its
faster etching rate in lateral direction, which reduces the
waveguide width resulting in increased propagation loss
due to the enhanced light interaction with the waveguide
sidewalls causing increased scattering losses.
III. LNOI INVERSE TAPER
The typical base width of a C-band single mode LNOI
waveguide is < 1.2µm in Fig. 2(d), resulting in a mode
field diameter (MFD) of ∼1.5µm; meanwhile, the typical
MFD of an optical single mode (SM) fiber is ∼10µm at
1550 nm wavelength light, resulting in a significant mode
mismatch between the optical fiber and the waveguide,
increasing the butt-coupling loss. By exchanging the SM
fiber for a lensed fiber, which has a ∼2.5µm MFD across
the C-band, improved mode matching can be achieved;
however, there is still significant mode mismatch. By
combining lensed fibers with inverse tapers, a drastic
improvement to the waveguide MFD can be obtained,
enabling good mode matching. The inverse tapers also
have the added benefit of matching the effective index
of the waveguide to that of the fibre, minimizing back
reflections.
Fig. 2(a) shows a schematic representation of the de-
signed spot size converter. The device consists of a linear
inverse taper on LNOI, which gradually becomes thinner
towards the chip facets. The light is coupled in and out
of the chip through the tapered regions using lensed fiber,
and the width of the tip, typically 100–300 nm, is designed
to achieve a good overlap between the fiber mode and the
waveguide mode; a narrower tip width leads to a larger
MFD, as can be seen from the simulated mode profiles
shown in Fig. 2(c). The nominal mode field profile of
the LNOI waveguide discussed in this paper is shown in
Fig 2(d). To adiabatically match the waveguide width at
the taper tip to the nominal waveguide width, the taper
length must be sufficiently long. The length of the taper
depends on the tip width and the nominal waveguide
width—for smaller tip widths, longer tapers are required.
Simulations of the inverse taper length are performed
using the eigenmode expansion (EME) solver provided by
the commercially available software Lumerical Mode, and
are presented in Fig 2(b); it can be seen that for lengths
greater than 250µm, all tapers, regardless of tip width,
have negligible insertion loss.
We target tip widths ∼ 200 nm in +Z-cut LNOI and
X-cut MgO:LNOI to ensure a sufficiently large MFD. It
is more challenging to increase the MFD in the thicker
600 nm X-cut MgO:LNOI film than the 500 nm for +Z-
4FIG. 3. Scanning electron microscope pictures of an etched single mode MgO:LNOI waveguide: (a) waveguide sidewall imaged
at a 40◦ tilt; (b) cross-section taken using FIB slicing and SEM imaging; the yellow false coloring highlights the waveguide
outline. Optical characterization of fabricated MgO:LNOI mode-matching tapers and single mode waveguide: (c) Fabry-Perot
measurements of propagation loss performed on 200 nm inverse taper (the input laser power is 0.5 mW); (d) measured optical
power distribution at the output of the untapered waveguide; (e) measured optical power distribution at the output of 200 nm
base width taper and (f) < 100 nm base width taper illustrating the increase in MFD, where black lines schematically show the
fabricated waveguide dimensions.
cut LNOI, so we expect increased coupling loss. Based on
the minimum feature size calculations presented in Fig. 1,
we expect to be able to achieve taper tips down to 170 nm
in +Z-cut LNOI and 210 nm for a 300 nm etch in +Z-cut
LNOI and X-cut MgO:LNOI respectively. To compensate
for etch bias, the taper tip widths are increased in the
mask layout to achieve wider metal lift-off features that
then etch down to approximately the target width.
We lifted off 400 nm and 500 nm taper tips on X-cut
MgO:LNOI resulting in etched base width tips <100 nm
and 200 nm. The fabricated MgO:LNOI waveguides side-
wall is shown on the Fig. 3(a) taken prior to SiO2 cladding;
the sidewall roughness is estimated to be ∼ 2 nm RMS
as reported in our previous work [21] and the the etched
waveguide profile is cross-sectioned using focused ion beam
(FIB) milling and then SEM imaged at a 50◦ angle as
shown in Fig. 3(b). The transmission spectrum of the
200 nm taper is shown in the Fig. 3(c) corresponding to
a propagation loss of < 0.1 dB/cm based on the Fabry-
Perot technique. The laser light is coupled in and out
of the chip via a pair of polarization maintaining (PM)
lensed fibers. The output transmission of the waveguide
is monitored over a 3 × 3µm window by sweeping the
fiber position and recording the transmitted power at
each point—this provides an indication of the waveguide
MFD. The coupling loss of a nominal width (untapered)
MgO:LNOI waveguide is 10 dB/facet and the power distri-
bution at the output is shown at the Fig. 3(d), meanwhile
the 200 nm taper achieves a transmission of 6 dB/facet
width the power distribution shown in Fig. 3(e). In gen-
eral, a smaller taper tip leads to a larger waveguide MFD
resulting in higher butt-coupling efficiency; however, the
overall transmission through the <100 nm taper drops as
the tip becomes increasingly narrow due to the etch bias.
Towards the tip of the inverse taper, the MgO:LNOI film
has excessively thinned and does not support a guided
mode. Figure 3(f) shows that butt-coupling is still possi-
ble as the inverse taper eventually becomes wide enough
to pick up the leaky mode of the <100 nm tip; however,
the structure exhibits a high loss of ∼13 dB/facet.
Due to the significantly larger degree of anisotropy of
the +Z-cut LNOI (over the X-cut MgO:LNOI), narrower
taper tips of width 200 nm and 300 nm were lifted off and
etched. The 300 nm lift-off mask resulted in the target
∼200 nm etched tip width as shown in Fig. 4(a). We,
again, record the power distribution at the taper out-
put in Fig. 4(b) and measure an overall coupling loss of
2.5 dB/facet. The 200 nm taper suffered similar film thin-
ning issues as those seen with the narrower MgO:LNOI
taper, resulting in a coupling loss of ∼12.5 dB/facet.
The quality of the mode matching tapers is strongly
affected by the etching properties of the (MgO:)LNOI.
5FIG. 4. (a) Scanning electron microscope of an etched taper in Z-cut LNOI tip; the false blue-coloring highlights the base
and top edges of the taper tip. (b) Measured optical power distribution at the output of 200 nm taper, where black lines
schematically show the fabricated waveguide dimensions.
We observe improvements in coupling efficiency for both
X-cut MgO:LNOI and +Z-cut LNOI at ∼200 nm base
taper tips widths. Due to the less anisotropic etching
of X-cut MgO:LNOI, the performance of the spot size
converters is strongly compromised. Although etch bias
may be compensated by increasing mask dimensions, the
minimum feature size is limited by the etch angle and
depth.
IV. CONCLUSION
The fiber-waveguide mode matching that can be
achieved using the spot size converter is restricted by
the etching properties of LN thin film. We have pro-
vided a detailed study of many fabrication limitations
in LNOI platform. Even nanostructuring with a 75 ◦
waveguide sidewall angle, the minimum achievable fea-
ture size hinders the fabrication of ∼200 nm taper tips
needed for efficient butt-coupling. We demonstrated de-
sign and fabrication of LNOI inverse taper for improved
mode matching between mode of an optical fiber and
LNOI photonic components. We achieve butt-coupling ef-
ficiencies of 2.5 dB/facet and 6 dB/facet for +Z-cut LNOI
and X-cut MgO:LNOI respectively, while preserving low
propagation losses of ¡0.1 dB/cm in both cases. These
results play a critical role in the understanding of LNOI
nanostructuring for photonics, and towards the develop-
ment of efficient butt-coupling devices—a major obstacle
for LNOI to become competitive photonics platform.
FUNDING
Australian Research Council Centre for Quantum Com-
putation and Communication Technology CE170100012;
Australian Research Council Discovery Early Career Re-
searcher Award, Project No. DE140101700; RMIT Uni-
versity Vice-Chancellors Senior Research Fellowship.
ACKNOWLEDGMENTS
This work was performed in part at the Melbourne
Centre for Nanofabrication in the Victorian Node of the
Australian National Fabrication Facility (ANFF) and the
Nanolab at Swinburne University of Technology. The
authors acknowledge the facilities, and the scientific and
technical assistance, of the Australian Microscopy & Mi-
croanalysis Research Facility at RMIT University.
[1] M. Zhang, C. Wang, R. Cheng, A. Shams-Ansari, and
M. Loncˇar, “Monolithic ultra-high-Q lithium niobate mi-
croring resonator,” Optica 4, 1536–1537 (2017).
[2] A. J. Mercante, S. Shi, P. Yao, L. Xie, R. M. Weikle, and
D. W. Prather, “Thin film lithium niobate electro-optic
modulator with terahertz operating bandwidth,” Opt.
Express 26, 14810–14816 (2018).
[3] C. Wang, M. Zhang, X. Chen, M. Bertrand, A. Shams-
Ansari, S. Chandrasekhar, P. Winzer, and M. Loncˇar,
“Integrated lithium niobate electro-optic modulators oper-
ating at CMOS-compatible voltages,” Nature 562, 101–
104 (2018).
[4] Y. He, H. Liang, R. Luo, M. Li, and Q. Lin, “Disper-
sion engineered high quality lithium niobate microring
resonators,” Opt. Express 26, 16315–16322 (2018).
[5] P. Gu¨nter and J.-P. Huignard, Photorefractive effects and
materials (Springer Berlin Heidelberg, Berlin, Heidelberg,
1988), pp. 7–73.
6[6] J. Sun and C. Xu, “466 mw green light generation using an-
nealed proton-exchanged periodically poled MgO:LiNbO3
ridge waveguides,” Opt. Lett. 37, 2028–2030 (2012).
[7] C. Wang, C. Langrock, A. Marandi, M. Jankowski,
M. Zhang, B. Desiatov, M. M. Fejer, and M. Loncˇar,
“Ultrahigh-efficiency wavelength conversion in nanopho-
tonic periodically poled lithium niobate waveguides,” Op-
tica 5, 1438–1441 (2018).
[8] D. Taillaert, F. V. Laere, M. Ayre, W. Bogaerts, D. V.
Thourhout, P. Bienstman, and R. Baets, “Grating cou-
plers for coupling between optical fibers and nanophotonic
waveguides,” Japanese Journal of Applied Physics 45,
6071 (2006).
[9] R. Orobtchouk, A. Layadi, H. Gualous, D. Pascal,
A. Koster, and S. Laval, “High-efficiency light coupling in
a submicrometric silicon-on-insulator waveguide,” Appl.
Opt. 39, 5773–5777 (2000).
[10] “High efficiency silicon nitride surface grating couplers,”
Opt. Express 16, 328–333 (2008).
[11] W. D. Sacher, Y. Huang, L. Ding, B. J. F. Taylor, H. Jay-
atilleka, G.-Q. Lo, and J. K. S. Poon, “Wide bandwidth
and high coupling efficiency Si3N4-on-SOI dual-level grat-
ing coupler,” Opt. Express 22, 10938–10947 (2014).
[12] J. Tremblay, Y.-H. Lin, P.-K. Hsu, M. Malinowski, S. No-
vak, P. Qiao, G. F. Camacho-Gonza´lez, C. J. Chang-
Hasnain, K. A. Richardson, S. Fathpour, and M. C. Wu,
“Large bandwidth silicon nitride spot-size converter for effi-
cient supercontinuum coupling to chalcogenide waveguide,”
2017 Conference on Lasers and Electro-Optics (CLEO)
pp. 1–2 (2017).
[13] L. W. Liao, D. Samara-Rubio, M. Morse, A. Liu,
D. Hodge, D. Rubin, U. Keil, and T. Franck, “High
speed silicon Mach-Zehnder modulator.” Optics express
13 8, 3129–35 (2005).
[14] M. Papes, P. Cheben, D. Benedikovic, J. H. Schmid,
J. Pond, R. Halir, A. O.-M. nux, G. Wangu¨emert-Pe´rez,
W. N. Ye, D.-X. Xu, S. Janz, M. Dado, and V. Vasˇinek,
“Fiber-chip edge coupler with large mode size for silicon
photonic wire waveguides,” Opt. Express 24, 5026–5038
(2016).
[15] Y. Maegami, R. Takei, E. Omoda, T. Amano, M. Okano,
M. Mori, T. Kamei, and Y. Sakakibara, “Spot-size con-
verter with a SiO2 spacer layer between tapered Si and
SiON waveguides for fiber-to-chip coupling,” Opt. Express
23, 21287–21295 (2015).
[16] J. Cardenas, C. B. Poitras, K. Luke, L. Luo, P. A. Morton,
and M. Lipson, “High coupling efficiency etched facet
tapers in silicon waveguides,” IEEE Photonics Technology
Letters 26, 2380–2382 (2014).
[17] Z. Chen, R. Peng, Y. Wang, H. Zhu, and H. Hu, “Grating
coupler on lithium niobate thin film waveguide with a
metal bottom reflector,” Opt. Mater. Express 7, 4010–
4017 (2017).
[18] J. Jian, P. Xu, H. Chen, M. He, Z. Wu, L. Zhou, L. Liu,
C. Yang, and S. Yu, “High-efficiency hybrid amorphous sil-
icon grating couplers for sub-micron-sized lithium niobate
waveguides,” Opt. Express 26, 29651–29658 (2018).
[19] Y. Fu, T. Ye, W. Tang, and T. Chu, “Efficient adiabatic
silicon-on-insulator waveguide taper,” Photon. Res. 2,
A41–A44 (2014).
[20] M. Pu, L. Liu, H. Ou, K. Yvind, and J. M. Hvam, “Ultra-
low-loss inverted taper coupler for silicon-on-insulator
ridge waveguide,” Optics Communications 283, 3678 –
3682 (2010).
[21] I. Krasnokutska, J.-L. J. Tambasco, X. Li, and A. Peruzzo,
“Ultra-low loss photonic circuits in lithium niobate on
insulator,” Opt. Express 26, 897–904 (2018).
[22] I. Krasnokutska, J.-L. J. Tambasco, and A. Peruzzo,
“Large free spectral range microring resonators in lithium
niobate on insulator,” arXiv preprint arXiv:1807.06531
(2018).
